We analyzed the role played by the conserved Gly154, a constituent of the P1 substrate-binding pocket of Bacillus subtilis subtilisin E, in the catalytic properties of the protease. Using an Escherichia coli expression system, the termination codon at position 154 in subtilisin E was first introduced to abolish the catalytic activity through truncation of the C-terminus from amino acid residues 154-275. We then attempted to obtain revertants with substitutions of various amino acids at position 154 by the polymerase chain reaction using a mixture of oligonucleotides. In addition to the Gly residue (wild-type), six amino acid substitutions (Ala, Arg, Leu, Phe, Pro and Thr) gave caseinolytic activity. When assayed with synthetic peptide substrates, most of the revertants showed a considerable decrease in specific activity and a P1 specificity similar to that of the wild-type enzyme. An Ala154 mutant purified from the periplasmic space in E.coli, however, resulted in an up to 2.3-fold preference for Val rather than Pro as a P2 substrate relative to the wild-type. Further, a significant 2-10-fold increase in the catalytic efficiency occurred in the Gly127Ala plus Gly154A1a combination variant, relative to the single Gly127Ala variant, without any change in the restricted specificity. The kinetic data and molecular modeling analysis demonstrate the important role of position 154 in the catalytic efficiency as well as in the substrate specificity of subtilisin E.
Introduction
Many microbial proteolytic enzymes have been widely applied for industrial use in detergents and food processing. The properties necessary for the further application of an enzyme would include various substrate specificities, enhanced catalytic activity and thermostability. In addition to conventional screening for naturally occurring enzymes, enzyme modification by site-directed or random mutagenesis is considered a promising strategy for achieving these desired properties.
Using an Escherichia coli expression system, we have engineered subtilisin E, an alkaline serine protease produced by Bacillus subtilis 168, with the aim of altering its catalytic activity, thermostability and substrate specificity (Takagi et al., 1988 (Takagi et al., , 1990 (Takagi et al., , 1992 Takagi, 1993) . A crystallographic analysis has shown that the substrate binding pocket in subtilisin, which has broad specificity and contains a large hydrophobic substrate binding cleft, is made up of (i) the main chain segment of Ser125-Leu126-Gly127 and (ii) the main and side chain segment of Ala152-Ala153-Gly154 (Wright et al., 1969) . Recently, by focusing on the conserved residue constituting the P1 substrate binding pocket, we have found that the substitution of Gly127 with Ala and Val resulted in a high specificity toward the small P1 side chain due to steric hindrance in the pocket (Takagi et al., 1996 (Takagi et al., , 1997 .
On the other hand, Gly154 is also conserved in the bacterial subtilisin family (Siezen et al., 1991; Siezen and Leunissen, 1997) , and it makes contacts with the P1 substrate residue according to the X-ray coordinates for bound products in subtilisin BPNЈ and Carlsberg (Wells et al., 1987) . Therefore, the residue at position 154 is thought to be an important site for determining the specificity of subtilisin, although the possible contribution of side chains at this position to substrate binding is unknown. In the recent work by Mei et al. (1998) , the two residues Gly124 and Gly151 (equivalent to Gly127 and Gly154 in subtilisin E) of alkaline elastase YaB (Tsai et al., 1983 (Tsai et al., , 1986 ), a member of the subtilase family (Siezen et al., 1991) produced extracellularly by alkalophilic Bacillus YaB, have been engineered to further restrict the substrate specificity of this enzyme. By replacing Gly151 with Ala, the P1 substrate specificity was restricted to Ala, Gly and Leu, which is presumably the result of the steric repulsion.
In the present study, we examined the role of residue 154 in the substrate specificity and the catalysis of subtilisin E by introducing a side chain in this position using PCR random mutagenesis. Only seven amino acid substitutions [Gly (wildtype), Ala, Arg, Leu, Phe, Pro and Thr] in place of the UGA termination codon at position 154 were found to result in partial recovery of caseinolytic activity. Among them, the Ala154 mutant showed a slight change in P2 specificity, whereas the hydrolyzing activities for P1 substrates were considerably diminished relative to that of the wild-type enzyme. Both the positions 127 and 154, constituting the P1 substrate binding pocket, are conserved to Gly in the wildtype enzyme. The simultaneous Ala substitutions at positions 127 and 154 resulted in an increase in the specific activity relative to the single G127A mutant without any change in the specificity. Possible reasons for these results are discussed.
Materials and methods

Materials
The Escherichia coli strain JA221(hsdM ϩ trpE5 leuB6 lacY recA1/F lacI q lac ϩ pro ϩ ) (Nakamura et al., 1982) , was used as a host. The isopropyl-β-D-thiogalactopyranoside (IPTG)-inducible pIN-III-ompA vector (Ghrayeb et al., 1984) was used for the expression and secretion of mutant and wild-type subtilisin E. All enzymes for DNA manipulations were obtained from Takara Shuzo (Kyoto, Japan) and used under conditions recommended by the supplier. Synthetic peptide substrates were purchased from Bachem Feinchemikalien (Bubendorf, Switzerland) and Sigma (St Louis, MO).
Construction of plasmids containing mutant subtilisins E
To truncate the C-terminus from amino acid residue 154 of subtilisin E, the amber (UAG) termination codon at position 154 was introduced by PCR with 5Ј-phosphorylated primers 5Ј-ATCGACAGCGGAATTGAC-3Ј (primer a), 5Ј-GTCGGG-TGCTTAGAAAGA-3Ј (primer b), 5Ј-GCAGCCT*G*A*AA-CGAAGG-3Ј (primer c) and 5Ј-CCTTCGTTT*C*A*GGC-TGC-3Ј (primer d) (asterisks show the locations of mismatches) using a Gene Amp PCR system 2400 (Perkin-Elmer). Primers a and b were synthesized to complement regions 54 bp upstream of the HindIII restriction site and 54 bp downstream of the NcoI restriction site in pHI212, including the wild-type subtilisin E gene (Takagi et al., 1988) , respectively. Primers c, d, e and f were used as primers for mutagenesis. PCR was first carried out with pHI212 as a template and with primers a and d or primers b and c in independent tubes. The unique 377 and 264 bp bands, amplified using primers a and d and primers b and c, respectively, were purified by agarose gel electrophoresis. They were then used as a template for the following PCR using primers a and b, as in the corresponding reactions in the first PCR. After the second PCR, the expected band (624 bp) of the PCR product was digested with HindIII and NcoI to recover the 516 bp fragment and ligated to the large fragment of plasmid pHI212 digested with HindIII and NcoI. The resulting plasmid, which had an amber (UAG) termination codon at position 154, was designated p154TGA.
Then, to derive active mutants with various amino acid substitutions at position 154, PCR was performed with p154TGA as a template and 5Ј-phosphorylated primers, a, b, 5Ј-CGCAGCCXXYAACGAAGG-3Ј (primer e) and 5Ј-CCTTCGTTXXYGGCTGCG-3Ј (primer f) (X indicates a mixture of G, A, T and C and Y indicates a mixture of G and C) by the procedure described above. To construct the quadruple mutations of Tyr(-1)Ala, Ile31Leu, Gly127Ala and Gly154Ala, PCR was performed with pTO-ALA, which has the triple mutations of Y-1A/I31L/G127A (Takagi et al., 1997) , as a template and 5Ј-phosphorylated primers a, b, 5Ј-CGCAGCC-GC*AAACGAAG-3Ј (primer g) and 5Ј-CTTCGTTTG*CG-GCTGCG-3Ј (primer h) (asterisks show the locations of mismatches) by the procedure described above. The mutations were confirmed on a Model 373A DNA sequencer from Applied Biosystems using dideoxy chain termination sequencing.
Isolation of mutant subtilisins exhibiting the caseinolytic activity
The ligated DNA was transformed in E.coli strain JA221 on M9 agar plates supplemented with 0.2% casamino acids, 0.4% glucose, 0.02% MgSO 4 , 50 µg/ml tryptophan, 0.5 µg/ml vitamin B 1 and 50 µg/ml ampicillin containing 1% skimmed milk (Takagi et al., 1989) . After the plates were incubated at 37°C overnight, they were incubated at room temperature for 5 days. Transformants producing active subtilisins were then selected on the plate by detecting halo formation, which indicates a partial hydrolysis of milk casein. No halo was formed by E.coli harbouring p154TAG because of the incomplete tertiary structure of the subtilisin. Thus, colonies producing active subtilisin can be selected from those of the parent cell. After re-transformation, the plasmid DNA was purified from each mutant and sequenced to identify the amino acid substitution. Expression and purification of wild-type and mutant subtilisins E Wild-type and mutant subtilisin E genes were expressed in E.coli strain JA221, cultivated at 37°C in M9 medium supplemented with 2% casamino acids, 0.4% glucose, 0.02% 1206 MgSO 4 , 50 µg/ml tryptophan, 0.5 µg/ml vitamin B 1 , 1 mM CaCl 2 and 50 µg/ml ampicillin. When A 570 reached 0.4, the cultivation temperature was reduced to 25°C, and IPTG was added to the culture medium to a final concentration of 1 mM for induction of gene expression. After cultivation for 4 h at 25°C, the cells were harvested by centrifugation. The periplasmic fraction was prepared by the method of Koshland and Botstein (1980) . To purify the wild-type and mutant subtilisin E, the periplasmic fraction of induced cells was first applied to a cation-ion exchange CM-Sepharose Fast Flow column (Pharmacia Biotech, Uppsala, Sweden), which was equilibrated with 10 mM sodium phosphate buffer (pH 6.2). The subtilisin was eluted with 80 mM NaCl and subsequently applied to a cation-ion exchange Mono S-Sepharose Fast Flow column (Pharmacia). The protein peak eluted with a 0-160 mM NaCl gradient was collected. The eluted active fraction showed a single protein band of subtilisin E upon SDS-PAGE. Enzyme concentration was determined using the Bio-Rad Protein Assay kit (Hercules, CA). Bovine serum albumin was used as the standard protein.
Assay of enzyme activity
For synthetic peptide substrates, assays were performed as described previously (Takagi et al., 1988) . The amount of p-nitroaniline released was measured by the absorbance at 410 nm, and activity was calculated as units/mg protein.
One unit is defined as the activity releasing 1 µmol of p-nitroaniline/min. Molecular modeling Molecular modeling was performed with the computer programs Insight II and Homology (Molecular Simulations Inc., San Diego, CA). Modeling of subtilisin E was based on the X-ray crystal structure of subtilisin BPNЈ (Wright et al., 1969 ; PDB accession code 2SNI) and the primary sequence of subtilisin E (Stahl and Ferrari, 1984 ; EMBL accession code K01988).
Results
Design of mutation
In the family of subtilisin-like serine proteases, the two sides of the substrate-binding cleft are formed by the backbone segments 125-127 and 152-154, while segment 166-169 forms the bottom of the cleft. In particular, two Gly residues can contact the P1, P3 and P4 substrate residues at position 127 and the P1 residue at position 154, respectively, (Wells et al., 1987) and are absolutely conserved within the family ( Figure  1 ). Recently, substitution of the conserved Gly127 for residues having a side chain has markedly changed the substrate specificity of subtilisin E (Takagi et al., 1996 (Takagi et al., , 1997 . Similarly, we postulated that the introduction of side chains into position 154 in subtilisin E might influence the conformation of the P1 cleft, and thereby, causing alterations in the substrate specificity or the catalytic efficiency. To examine this possibility, we chose the residue at position 154 for mutagenesis.
Isolation of revertant mutant subtilisins by random mutagenesis at position 154
The UGA termination codon at position 154 in subtilisin E was first introduced by site-directed mutagenesis, and the cells carrying the mutated gene did not form any halo on a skimmed milk agar plate due to the structural destruction. We then attempted to isolate revertants from the incomplete subtilisin by introducing various amino acid residues in place of the Siezen and Leunissen (1997) . The numbering above the amino acid sequences refers to suntilisin E. Asterisks indicate the residues involved in the substrate binding pocket, and Gly154 is shown in bold and surrounded by a rectangle. A horizontal line indicates the absence of the corresponding amino acid residues at this position. From the crystallographic analysis of subtilisin BPNЈ (Wright et al., 1969) , the substrate binding pocket in subtilisins, which are characterized by broad specificities, is made up of both a main chain of residues 125-126-127 and main and side chains of residues 152-153-154, and residue 166 is located at the bottom of the pocket. termination codon, as described in 'Materials and methods'. From approximately 1000 colonies, 25 halo-forming colonies were isolated on a skimmed milk agar plate after an additional 5 days of incubation at room temperature. The subtilisin genes from these positive colonies were sequenced, and seven amino acid substitutions from nine types of base substitutions at position 154 were identified (Table I) .
Comparison of catalytic properties among mutant subtilisins
We first compared the abilities of the mutants to form halos on a skimmed milk agar plate, as shown in Figure 2 . The halo sizes are considered to be related to the ability of cells to produce active subtilisin, which requires a secretion of prosubtilisin across the cytoplasmic membrane and its subsequent folding at the periplasmic space and excretion outside the cell. On the basis of the halo sizes, therefore, the mutant subtilisins can be ranked for their caseinolytic activities as follows: Gly (wild-type) ϭ Phe Ͼ Pro Ͼ Thr ϭ Leu Ͼ Ala Ͼ Arg at position 154. Wild-type and mutant subtilisin E genes were expressed in E.coli in the presence of IPTG. Enzymes in the periplasmic fraction of the induced cells were assayed with
. AAPF has been used as an authentic substrate for subtilisin. The level of gene expression seems to be almost the same for all mutants and the wild-type enzyme based on a densitometric estimation of the amounts of accumulated subtilisin in the periplasmic fraction (data not shown). Table II shows the specific activity of the Gly154 series of mutants toward eight peptide substrates.
As we would expect, a significant decrease in enzymatic activity occurs when residue 154 is replaced with Ala, Leu, Pro, Arg or Thr, whereas the activity of Phe154 mutant is virtually unchanged from that of the wild-type enzyme. The Arg154 mutant had only 1% of the specific activity of the wild-type enzyme for all substrates. When the attention is Fig. 2 . Halo formation by the revertant subtilisins E. Each strain was inoculated on a 1% skimmed milk agar plate as described in 'Materials and methods'. The plate was incubated at 37°C for 1 day and then at room temperature for 2 days. Gly is a positive control with cells which produce the wild-type subtilisin E from plasmid pHI212, and TGA is a negative control with cells carrying plasmid p154TGA. Thr, Leu, Arg, Phe, Ala and Pro represent six amino acid substitutions at position 154.
given to the substrate specificities, for G154F, G154L, G154P and G154T mutants as well as the wild-type enzyme, Met is the most favoured P1 residue, followed sequentially by Phe, Ala (P2; Val), Lys, Leu, Ala, Glu and Val. On the other hand, the G154A mutant had less than 10% of the specific activity of the wild-type enzyme for all substrates, in particular, the hydrolysis for AAPK and AAPL was severely impaired. It was also found that the relative activity of AAVA/AAPF was slightly higher than that of the wild-type subtilisin. Further, when the rate of thermal inactivation was measured at 50-60°C in the presence of Ca 2ϩ , the thermostabilities of these mutant enzymes were essentially equivalent to that of the wild-type enzyme (data not shown).
The effect of Gly154Ala substitution on the catalytic properties
In the previous study (Takagi et al., 1997) , we found that three cumulative amino acid substitutions (Y-1A/I31L/G127A) in subtilisin E resulted in high specificity, activity and productivity. Among the mutations, the substitution of conserved Gly127 with Ala contributed to a marked preference for the small P1 substrate such as Ala due to steric hindrance in the pocket Assays were performed in 50 mM Tris-HC1 (pH 8.5) and 1 mM CaC1 2 at 37°C using AAPF (succinyl-Ala-Ala-Pro-Phe-p-nitroanilide), AAPA (succinyl-AlaAla-Pro-Ala-p-nitroanilide), AAVA (succinly-Ala-Ala-Val-Ala-p-nitroanilide) and AAPM (succinyl-Ala-Ala-Pro-Met-p-nitroanilde). (Takagi et al., 1996) . Leu was substituted for Ile31 next to the catalytic Asp32 to enhance catalytic activity (Takagi et al., 1988) . A third mutation was introduced by replacing Tyr(-1) with Ala in the propeptide essential for autoprocessing to produce a large amount of mature subtilisin (Takagi et al., 1997) . In this work, to examine the influence of Ala substitution at position 154 on substrate specificity and catalytic efficiency of subtilisin E, we constructed a quadruple mutant (Y-1A/ I31L/G127A/G154A) in addition to a single G154A mutant as described in 'Materials and methods'. Both mutant subtilisins were then purified from the periplasmic fraction to give a single band on SDS-PAGE, and their enzymatic properties were evaluated. Kinetic constants k cat and K m were determined from initial rate measurements of AAPF, AAPA, AAVA and AAPM hydrolysis. It was difficult to obtain the individual kinetic parameters for AAPKL, AAPL, AAPE and AAPV. As shown in Table III , the k cat /K m value of the G154A mutant 1208 subtilisin toward all substrates was greatly diminished. The activity of the mutant for AAVA, however, remained 70% of that of the wild-type enzyme. It is interesting that the relative activity of AAVA/AAPF of the mutant enzyme was approximately 1.5-fold higher than that of the wild-type, whereas the AAPA/AAPF ratio showed a significant decrease relative to that of the wild-type. Consequently, the G154A mutant exhibited an increase in the AAVA/AAPA ratio of 2.3-fold compared with that of the wild-type enzyme. These results indicate that the substitution of Gly154 for Ala produces a marked preference for Val rather than Pro as the P2 substrate residue.
Also, the triple mutant (Y-1A/I31L/G127A) showed a general increase in k cat /K m values for small P1 substrates such as AAPA and AAVA, which is in agreement with previous results (Takagi et al., 1997) . It is worth noting that a significant increase in catalytic efficiency (k cat /K m ) occurred with combined quadruple mutations (Y-1A/I31L/G127A/G154A). The increase ranged from 2-to 10-fold for all substrates relative to those of the triple mutant enzyme, due largely to the decrease in K m . This result was not consistent with the finding that the single G154A mutation decreases the specific activity caused predominantly by the increase in K m for all substrates except for AAPF.
Molecular modeling of the substrate binding pocket in the mutant subtilisins
Computational modeling was conducted to predict the structure around the substrate-binding pocket and the catalytic triad in the mutant enzymes (Figure 3) . The modeling of the mutants suggested that steric hindrance might occur only when the Arg side chain was introduced at position 154 ( Figure 3A) , by which the catalytic efficiency was drastically impaired, at the substrate-binding cleft formed by the segments Ser125-Leu126-Gly127 and Ala152-Ala153-Gly154 (Takagi et al., 1996) . In contrast, most of the other side chains (Phe, Leu, Pro and Thr; data not shown) seemed not to protrude into the inside of the binding cleft, in accordance with the enzyme kinetic observation that these substitutions had relatively smaller influence on the substrate specificity, as shown in Table II . As for the single G154A mutant ( Figure 3B) , it is also unlikely that the Ala side chain causes the steric repulsion in the binding cleft, although it changed the specificity slightly compared with that of the wild-type. In addition, the Ala substitution might lead to the structural change around the active site that showed considerably lower specific activity toward the substrates. From the molecular modeling analysis (data not shown), there was no significant change around the local structure between the single G154A and the quadruple (Y-1A/I31L/G127A/ G154A) mutants, despite the fact that four cumulative amino acid substitutions showed an increase in specific activity for AAPF, AAPA, AAVA and AAPM substrates relative to the triple mutant.
Discussion
Subtilisin has broad specificity and contains a large hydrophobic substrate binding pocket. One of the most important aims of protein engineering in subtilisin is to analyze the broad P1 substrate specificity in order to restrict substrate preference.
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Previous protein engineering studies of subtilisin have shown that the substrate specificity can be changed by replacement of amino acid residues to which a substrate directly binds. A conserved Gly at position 166, located at the bottom of the substrate binding pocket, has been replaced by nonionic amino acids (Estell et al., 1986) . In general, the catalytic efficiency toward small hydrophobic substrates was increased by hydrophobic substitutions at position 166 in the binding pocket. Surpassing the optimal binding volume of the pocket, by introduction of either the substrate side chain or the side chain at position 166, caused a significant decrease in catalytic efficiency due to steric hindrance. Also a general change in substrate specificity resulting from charged amino acid substitutions at residue 156 and 166 in the P1 binding site, led to electrostatic effects (Wells et al., 1987) . This has been supported by data showing the catalytic efficiency toward complementarily charged P1 substrates and the decrease in efficiency toward charged P1 substrates. Furthermore, Wells et al. (1987) have reported the feasibility of recruitment of substrate specificity properties from subtilisin BPNЈ into a related species (Carlsberg) by three substitutions at positions 156, 169 and 217 that are within the van der Waals contact of the substrate.
Recently, several attempts have focused on positions 104 and 107 of subtilisin BPNЈ (Rheinnecker et al., 1993) and on positions 102, 128, 130 and 132 of subtilisin Savinase (Bech et al., 1993) , which interact with the P4 pocket. Subtilisin BPNЈ has also been engineered to cleave proteins after di-and tri-basic sequences in a manner that resembles the specificity of the eukaryotic subtilisin family, the yeast Kex2 (Matthews and Wells, 1993; Ballinger et al., 1995) and the mammalian furin (Ballinger et al., 1996) , at the P1, P2 and P4 substrate positions (Ser33, Asn62, Gly166, Tyr104, Ile107 and Leu126).
On the other hand, no attention has been given to Gly154 as a possible site for engineering, although position 154 is thought to be one of the P1 substrate binding sites (Wells et al., 1987) . Position 154 is highly occupied by Gly in the subtilisin family (Figure 1 ). The role of amino acid 154 is supposedly to interact with the P1 substrate and to constitute the one side of the substrate binding pocket with Ala152 and Ala153. We speculated that the introduction of a side chain to position 154 by site-directed mutagenesis would considerably affect the substrate specificity and catalytic efficiency, although the side chains of Ala153 and Ala154 extend toward the outside of the pocket.
To isolate revertant enzymes from the incomplete subtilisin gene introducing a termination codon at position 154, we applied all 20 amino acid substitutions using a mixture of oligonucleotides. Evnin et al. (1990) have developed a genetic selection with a pool of oligonucleotides comprising all possible nucleotide combinations to construct a library encoding rat trypsins substituted at positions 189 and 190 in the substrate binding pocket. All of the 19 possible amino acid substitutions have also been tried by Estell et al. (1985) for position 222 in subtilisin BPNЈ by cassette mutagenesis. Site-saturation is considered to be the most appropriate approach for structurefunction studies because of uncertainties in predicting which amino acid would be an optimal residue. In the present study, the desired mutants could be screened by detecting halo formation due to caseinolytic activity of subtilisin, and then only six mutant subtilisins showing activity were obtained. Based on the DNA sequencing analysis from a part of the non halo-forming colonies, it appears probable that the rest of the substitutions were unable to express the caseinolytic activity as high as those that developed a halo (data not shown). However, it would be difficult to isolate mutant enzymes having highly limited specificity but decreased proteolytic activity.
The question arises as to why the amino acid replacement at position 154, except for Phe, causes a significant decrease in catalytic efficiency. In general, the catalytic machinery in subtilisin consists of the catalytic triad (Asp32, His64 and Ser221) and the oxyanion binding site (the side chain of Asn155 and the main chain amide of Ser221). In the hydrolysis of peptide bonds by subtilisin, two peptide NH groups of the polypeptide backbone form the so-called 'oxyanion hole' by donating hydrogen bonds to the negatively charged oxygen atom of the tetrahedral intermediates (Robertus et al., 1972) . Crystallographic studies suggest that stabilization of this activated complex is accomplished through the donation of a hydrogen bond from the amido side group of Asn155 to the carbonyloxygen of the peptide substrate. It is possible that introduction of the side chain into Gly154 might affect the configuration of the amido side group of Asn155 next to position 154, causing a structural instability of the transition state for acylation catalysis. Only a Phe residue at position 154 supposedly maintains the function of Gly, based on a determination of the catalytic properties using kinetic data and molecular modeling analysis. These results strongly suggest that position 154 is crucial for the catalytic activity of subtilisin, although the general features of the functional amino acid residues remains unknown.
The notable finding of the present study is that the Ala substitution at position 154 significantly altered the specificity toward the P2 residue, up to a 2.3-fold preference for Val over Pro compared with the wild-type. In the previous study (Wells et al., 1987) , the side chains of His64, Leu96, Gly100 and Ser125 in subtilisins BPNЈ and Carlsberg have been thought to contact the P2 residue based on the X-ray coordinates for bound products. Our data suggest that the Ala residue at position 154 might be in part responsible for the P2 specificity, while the Ala154 mutant shows a marked reduction in activity with Met, Phe, Lys and Leu for the P1 position as the favoured substrates for subtilisin. Much more research on the P1 and P2 pockets in the Ala mutant is needed to answer these questions and is currently in progress. Interestingly, the combination of mutations (Y-1A/I31L/G127A/G154A) showed a 2-10-fold increase in catalytic efficiency due to a smaller K m (Table III) . As indicated from the K m values, the quadruple mutant showed tighter binding to Phe, Ala and Met for the P1 residues relative to those of the triple mutant. At present, the reason for the increased affinity of the mutant enzyme with the substrates cannot be explained from the modeling analysis. It is possible that the hydrophobic interaction might be enhanced between the methyl groups of Ala at positions 127 and 154 and the side chains of the P1 residues. It should be of great interest to further investigate the alteration in specificity of the G127 and G154 series of mutants for the P1 and P2 series of substrates.
